





(Communicated by Masanori OTSUKA, M.J.A.)
Abstract: Tetrodotoxin (TTX), contained in puﬀer, has become an extremely popular
chemical tool in the physiological and pharmacological laboratories since our discovery of its
channel blocking action in the early 1960s. This brief review describes the history of discovery of
TTX action on sodium channels, and represents a story primarily of my own work. TTX inhibits
voltage-gated sodium channels in a highly potent and selective manner without eﬀects on any
other receptor and ion channel systems. TTX blocks the sodium channel only from outside of the
nerve membrane, and is due to binding to the selectivity ﬁlter resulting in prevention of sodium
ion ﬂow. It does not impairs the channel gating mechanism. More recently, the TTX-resistant
sodium channels have been discovered in the nervous system and received much attention
because of their role in pain sensation. TTX is now known to be produced not by puﬀer but by
bacteria, and reaches various species of animals via food chain.
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Introduction
Tetrodotoxin (TTX) is a major toxic compo-
nent contained in puﬀer of the Family Tetraodon-
tidae. Despite the toxicity, or perhaps because of it,
puﬀer has long been regarded as one of the most
delicious ﬁsh in Japan, and 30–50 cases of intox-
ications occurred every year.1) The present article is
not intended to be a comprehensive review of TTX.
It is a story primarily of my own study of TTX.
Readers who are interestedi nt h er e l e v a n to rm o r e
complete information are encouraged to refer to
papers quoted in this article. There has been a long
history of the study of TTX, especially by Japanese
pharmacologists, but it was not until the discovery
of the selective and potent blocking action of TTX
on voltage-gated sodium channels2),3) that the toxin
received the world-wide attention in the ﬁelds of
physiology and pharmacology.
My encounter with TTX
In the late 1950s, I was working on the
mechanism of action of insecticides on the nervous
system in the Faculty of Agriculture, University of
Tokyo. My colleague Dr. Norimoto Urakawa, who
was studying the eﬀects of a toxin called maltoxin
on the muscle, asked me to collaborate with him
using the intracellular microelectrode technique I
was using. This technique was fairly new at
that time having been developed by Nastuk and
Hodgkin.4) I tt u r n e do u tt h a tm a l t o x i nw a sa
neuromuscular agent blocking the endplate acetyl-
choline (ACh) receptor of the frog.5) In the course of
experiments, we thought that TTX might have a
similar eﬀect based on the information available
at that time as a nerve-muscle blocking toxin.
Therefore, we did experiments on TTX using the
nerve-sartorius muscle preparations isolated from
the frog. However, TTX was totally diﬀerent from
maltoxin, blocking the muscle action potential
evoked by membrane depolarization. TTX did not
change the resting potential, the membrane con-
ductance, and the delayed rectiﬁcation which is
indicative of potassium channel activation (Fig. 1).
Thus, we proposed a hypothesis that TTX selec-
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However, voltage clamp experiments were required
to demonstrate this hypothesis. I reported the
TTX study at an annual meeting of the Japanese
Pharmacological Society in 1960. There were not
many pharmacologists who were working on ion
channels at that time, yet a few who understood
the area raised sharp questions evoking intense
discussions and dragging the allocated time to
well over 30 minutes. Shortly after that time we
published this paper in the American Journal of
Physiology.2)
I was also greatly inspired by a pair of
enormous review articles written by Abraham
Shanes6),7) who not only summarized the progress
but also proposed the future direction of research in
the ﬁeld of cellular neuropharmacology. It was
indeed my dream to explain the mechanism of
action of drugs and chemicals in terms of inter-
actions with ion channels and to promote the ﬁeld
of cellular neuropharmacology. On the day of my
departure for the US in 1961, Dr. Urakawa came to
the airport to see me oﬀ and slipped a small vial
containing TTX into my pocket. We were hoping
that some day we would be able to demonstrate our
hypothesis of the selective TTX block of sodium
channels by voltage clamp experiments which were
extremely diﬃcult to perform at that time. This
chance ﬁnally arrived in the late 1962 when I was a
faculty at Duke University Medical Center, albeit I
had only one month or so to work on TTX before
returning to Japan for immigrant visa. I collabo-
rated with Dr. John W. Moore, an expert in voltage
clamp technologies, and William Scott, a medical
student at that time. We had to use lobster giant
axons ( 80mm in diameter) because squid was not
available in North Carolina. The only method for
voltage clamping of such ‘‘smaller’’ giant axons was
to apply the sucrose gap technique.8),9) This tech-
nique was not only diﬃcult but also far from perfect
from the technical point of view, and numerous
data had to be discarded because of imperfect ionic
current records. Experiments were continued liter-
ally day and night during the Christmas and New
Year holidays, and we were jubilant at proving
that our original hypothesis was correct indeed. I
took the barely dried ﬁlms containing current
records (no computer at that time) back to Japan
for analysis. When I submitted the manuscript
to the Journal of General Physiology, I received
the very ﬁrst request for a TTX sample which was
jotted down at the end of manuscript review with
his signature. This was indeed a dawn of cellular
neurophysiology and neuropharmacology.3)
TTX has since not only received world-wide
attentions as a useful chemical tool in the labora-
tory, but equally importantly also laid the founda-
tion to pursue the mechanism of action of drugs and
chemicals in terms of interactions with ion chan-
nels.10) In fact, before that time it was inconceivable
to use a chemical or toxin to study the function of
ion channels. One distinguished neurophysiologist
even announced publicly that ‘‘I am proud of
being a physiologist in not using dirty chemicals; I
use ions.’’
I thought time was ripe for further promotion
of cellular neuropharmacology ﬁeld. Along this line,
Dr. C. Paul Bianchi (then at the University of
Pennsylvania) and I planned to start a new journal
tentatively called ‘‘Cellular Pharmacology’’, and
sent out many letters to physiologists and pharma-
cologists in the early 1970s asking whether they
w o u l db ei n t e r e s t e di nc o n tributing their papers to
Fig. 1. Tetrodotoxin (TTX) block of muscle action potential
without eﬀect on delayed rectiﬁcation. Intracellular micro-
electrode recording from a frog nerve-sartorius muscle prep-
aration. (A) Normal muscle action potential evoked by nerve
stimulation. (B) Responses to direct subthreshold depolariza-
tion and hyperpolarization in normal muscle. (C) Action
potential generated by direct suprathreshold depolarization
and hyperpolarization in normal muscle. (D) After application
of 300nM TTX, nerve stimulation failed to evoke muscle
action potential. (E) In TTX, direct depolarization and
hyperpolarization failed to evoke muscle action potential.
(F) In TTX, stronger direct depolarization and hyperpolari-
zation still failed to evoke muscle action potential revealing
the presence of delayed rectiﬁcation, indicative of potassium
channel activation.2)
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tive responses. At that time, however, we both
received an invitation to join the Speciﬁc Field
Editors of the Journal of Pharmacology and Ex-
perimental Therapeutics (JPET) to create a new
section called ‘‘Cellular Pharmacology’’. We decid-
ed to accept the invitation in order to promote this
ﬁeld. This section had lasted for 25 years until
JPET underwent re-organization in 1999. During
my tenure as a ﬁeld editor, my partners who were
handling the cellular and molecular pharmacology
section changed to Drs. George Weiss, Ronald
Rubin and Edson Albuquerque.
Chemistry, sources, distribution
and origin of TTX
Several excellent reviews have been published
concerning the chemistry, sources, distribution and
origin of TTX. Older literature before the mid-
1960s was comprehensively reviewed by Kao.11) The
chemical structure of TTX was ﬁrmly established
by two Japanese groups and one American group
(Fig. 2).12)–14) The total synthesis of TTX that
required elaborate 26 steps was accomplished by
Kishi et al.17),18) Yotsu-Yamashita19) has published
an excellent review of the chemistry of TTX.
Animals that contain TTX are not limited to
certain species of puﬀer. A wide variety of marine
and terrestrial animals are now known to have
TTX, including, but not limited to, puﬀer, sala-
manders, frogs, horseshoe crabs, xanthid crabs,
blue-ringed octopus, and starﬁsh.20) In the puﬀer,
TTX is concentrated in the overy and liver, but
other organs including skin, intestine, and muscle
contain TTX in some species of puﬀer. The reason
for such a wide distribution is that TTX is not
produced by puﬀer but produced by certain species
of bacteria including Vibrio sp. and reaches the
animals through the food chain.21)–23) Reﬂecting the
bacterial origin of TTX, if puﬀer is cultured in an
environment in which the invasion of TTX-bearing
bacteria is prevented, it would be possible to
produce puﬀer without TTX. This has been dem-
onstrated to be the case.24) TTX is very toxic to
mammals with an LD50 in the order of 10mg/kg.
Thus, the animals having TTX in the body may be
resistant to TTX toxicity. This has indeed proven
to be the case.25)
Mechanism of action of TTX
on sodium channels
Voltage clamp demonstration of selective
TTX block of sodium channels. An example of
sucrose-gap current clamp and voltage clamp ex-
periments using lobster giant axons is illustrated
in Fig. 3.3) The action potential was blocked by
3   10 8 g/ml (94nM) TTX, and voltage clamp
Fig. 2. Structures of tetrodotoxin (A)15) and saxitoxin (B).16)
Fig. 3. Tetrodotoxin (94nM) blocks action potentials and
sodium channel currents without eﬀect of potassium channel
currents. Lobster giant axon under sucrose-gap voltage clamp.
(A) Before and (B) during application of TTX. Holding
potential was  120mV including hyperpolarization caused
by sucrose-gap conditions. Downward transient currents
represent inward sodium currents, and upward steady-state
currents represent outward potassium currents. Because of
sucrose-gap hyperpolarization, a large depolarizing current
was needed to evoke an action potential in A, and a large
depolarizing current did not produce the action potential
i nt h ep r e s e n c eo fT T Xi nB . 3)
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were blocked while potassium currents were kept
intact. The selective block of sodium channels was
unique as local anesthetics were shown to inhibit
both sodium and potassium channels.26)–28)
Measurements of sodium channel densi-
ty. At Duke University in 1966, we were fortunate
enough to have Dr. Trevor Shaw as a visiting
professor from Cambridge University in the UK.
He brought with him an astonishing idea to
count the number of sodium channels using TTX.
Initially, I did not believe it possible, yet we did
experiments using bioassays of TTX. The idea was
to measure the amount of TTX absorbed to nerve
membranes, and together with the measurements of
membrane surface area and extracellular space, we
could calculate the density of sodium channels. We
assumed one-to-one stoichiometry for TTX binding
to sodium channels; this was later demonstrated to
be the case.29) Using the nerve bundles isolated from
lobster walking legs, we came up a sodium channel
density of 13mm2 of the nerve membrane as a
maximal value.30) This was an unexpectedly small
density, as it indicated that two sodium channels
of a few a ˚ngstroms in diameter were separated by a
distance of  3000 a ˚ngstroms. More accurate meas-
urements of sodium channel density were made
much later by several other groups who used the
tritiated form of saxitoxin (STX) which is originally
derived from dinoﬂagellates31) and which blocks
sodium channels in the same manner as TTX.32)
It turned out that our original measurement using
bioassays was underestimate. Many nerve tissues
have 100–300 sodium channels per mm2 of the
membrane (Table 1). Counting of sodium channel
density is one of the remarkable examples of using
TTX and STX as tools.
Site of action of TTX on sodium channels
In contrast to the potent blocking action of
externally applied TTX on sodium channels, TTX
was devoid of such blocking action when perfused
internally through squid giant axons.28) The IC50
values of TTX applied externally are generally in
the range of 1–10nM, but when applied internally
no such block was observed even at 1mM. This is in
sharp contrast with local anesthetics which act on
either side of the nerve membrane.28) In fact, local
anesthetic which is applied externally in clinical
situation penetrates the nerve membrane in the
uncharged molecular form, is dissociated into the
charged cation form in the axoplasm, and the cation
form blocks sodium and potassium channels from
inside the channels (Fig. 4).40),41) Av a r i e t yo f
compounds are now known to block the sodium
channels, albeit not as potent as and not as selective
as TTX. In most such cases, block occurs from
inside the sodium channels as exempliﬁed by
pancuronium which blocks the channels from inside
when the channels open.43),44)
TTX molecule has a guanidinium group which
can ﬁt the external oriﬁce of sodium channels but
the rest of the molecule is too large to penetrate the
channels. This results in plugging the sodium
channels from outside preventing the ﬂow of sodium
ions even though the gating mechanism operates
normally upon depolarizing stimulation. This was
shown by the measurement of gating currents which
were not aﬀected by TTX.45),46)
TTX-binding proteins have been obtained and




TTX binding bioassay Lobster walking leg nerve <13 30
½3H] STX binding Lobster walking leg nerve 90 33
½3H] STX binding Garﬁsh olfactory nerve 35 33
½3H] STX binding Squid giant axon 290 34
½3H] STX binding Rabbit vagus nerve 110 35
½3H] STX binding Mouse neuroblastoma cell 78 36
½3H] STX binding Frog sartorius muscle 380 37
½3H] STX binding Rat diaphragm muscle 209 38
½3H] STX binding Rat soleus muscle 371 39
½3H] STX binding Rabbit sciatic node 12000 35
150 T. NARAHASHI [Vol. 84,identiﬁed (reviewed by Catterall).47) Agnew et al.48)
obtained a protein of  270kDa, and subsequently
Hartshorne and Catterall49) and Hartshorne et al.50)
identiﬁed a complex of   (260kDa),  1 (36kDa),
and  2 (33kDa) subunits. The TTX-binding com-
ponent of sodium channel was also puriﬁed from eel
electroplax as a 270kDa single protein.51) These and
other studies led to the isolation of cDNAs encoding
the entire polypeptide using electroplax mRNA.52)
Single sodium channel block by TTX. One-
t o - o n es t o i c h i o m e t r yo fT T Xb l o c ko fs o d i u m
channels by plugging them at the external oriﬁce
implies that characteristics of single sodium chan-
nels are not aﬀected by TTX and that the number
of observations of open sodium channels decreases
dose dependently with increasing concentration
of TTX. This has been demonstrated as shown in
Fig. 5.53),54)
Molecular binding site of TTX in sodium
channels. Neurotoxin binding sites on sodium
channels can be classiﬁed into six categories.55)
Examples of toxins that bind to each site are: site 1,
TTX, STX, m-conotoxin; site 2, batrachotoxin,
grayanotoxins, veratridine; site 3,  -scorpion tox-
Fig. 5. Tetrodotoxin (TTX) block of single sodium channel currents. (A) Single channel currents recorded from an outside-out
membrane patch isolated from a neuroblastoma cell (N1E-115) in response to depolarization from a holding potential of  90mV
to  30mV as shown at the bottom. (B) After application of 3nM TTX to the external membrane surface. (C) Open time
distributions before and after exposure to TTX. (D) Amplitude histograms before and after TTX. Temperature 10  C. TTX did
not change the open channel characteristics but decreased the number of open channels to approximately half as 3nM TTX was
close to its IC50.53),54)
Fig. 4. Tetrodotoxin (TTX) blocks sodium channels from
outside the nerve membrane in the cationic form, whereas
local anesthetic molecules penetrate the nerve membrane in
the uncharged form (B) and block both sodium and potassium
channels from inside the nerve membrane in the cationic
form.42)
No. 5] Tetrodotoxin 151ins, sea anemone toxins; site 4,  -scorpion toxins;
site 5, brevetoxins and site 6,  -conotoxin. The
amino acid residues that form site 1 in the   subunit
are located in the pore loop and to form the ion
selectivity ﬁlter.55)–58)
Sodium channels in the nervous system com-
prise the pore-forming   subunit and  1 through  4
subunits.55),59),60) The   subunit is suﬃcient for
functioning, and the   subunits modify the kinetics
and voltage dependence. The   subunit is composed
of four homologous domains (I–IV), and each
domain contains six transmembrane   helices (S1–
S6). There also is an additional pore loop connect-
ing the S5 with the S6 segments.55),59) Negatively
charged amino acids located between transmem-
brane segments 5 and 6 in all four domains are
postulated to form the selectivity ﬁlter where TTX
and STX bind.47)
Subtypes of sodium channels
Not all sodium channels are sensitive to the
blocking action of TTX. TTX-resistant (TTX-R)
sodium channels with micromolar IC50sh a db e e n
k n o w ni nd e n e r v a t e ds k e l e t a lm u s c l ea n dc a r d i a c
muscle. However, TTX-R sodium channels are also
present in the nervous system. The ﬁrst analysis of
TTX-R and TTX-sensitive (TTX-S) sodium chan-
nels of rat dorsal root ganglion (DRG) neurons was
made by Kostyuk et al.61) However, that paper did
not receive much attention for unknown reasons,
and only a few papers by other investigators on this
topic were published in a decade that followed.
We decided to analyze TTX-S and TTX-R
sodium channels of rat DRG neurons in detail.62)
TTX-R currents were much slower than TTX-S
currents in their activation and inactivation kinet-
ics. The IC50 values for blocking TTX-S and TTX-R
currents, respectively, were 0.3nM and 100mMf o r
TTX, and 0.5nM and 10mM for STX (Fig. 6). The
voltage dependences of both activation and inacti-
vation of TTX-R channels were shifted in the
depolarizing direction by 11mV and 30mV, respec-
tively, compared with those of TTX-S channels.
This is important as shifts aﬀect the sensitivity to
various drugs. For example, the action potential
from TTX-S sodium channels were much more
sensitive to the blocking action of phenytoin and
carbamazepine than that from TTX-R sodium
channels, and this diﬀerential sensitivity could be
largely explained in terms of the diﬀerence in
voltage dependence of TTX-S and TTX-R sodium
channels.63)
Since the publication of our paper,62) TTX
insensitivity of DRG neurons has received much
attention, because TTX-R sodium channels are
present in C ﬁbers that convey pain sensations to
the brain. If a chemical that blocks TTX-R sodium
channels without any eﬀect on TTX-S sodium
channels is discovered, it could become a useful
pain killer without serious side eﬀects. It should
be noted that pain is one of the most crucial
biomedical issues these days.
A number of recent studies using molecular
approaches have disclosed at least nine subtypes of
sodium channels, Nav1.1-Nav1.9.59),64) Heart muscle
contains Nav1.5 (TTX-R), DRG contains Nav1.8
(TTX-R), and peripheral nervous system contains
Fig. 6. Dose-response relationships for TTX and STX block.
Dorsal root ganglion cells expressing TTX-S (n ¼ 3)o rT T X - R
(n ¼ 3) currents were exposed to increasing concentrations
of TTX or STX and pulsed once per minute to þ10mV to
determine peak current amplitude. Steady-state peak current
amplitudes reached at each concentration were normalized to
control toxin-free amplitudes and plotted against toxin con-
centration. (A) TTX dose-response curve, with IC50 values
of 0.3nM (TTX-S) and 100mM( T T X - R ) .( B )S T Xd o s e -
response curve, with IC50 values of 0.5nM (TTX-S) and 10mM
(TTX-R).62)
152 T. NARAHASHI [Vol. 84,Nav1.9 (TTX-R). Skeletal muscle contains Nav1.4
(TTX-S). Nav1.1, 1.2, 1.3, 1.6 and 1.7, all of
which are TTX-S sodium channels, are found in
the nervous system.
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